In order to increase the number of mature oocytes usable for intracytoplasmic sperm injection (ICSI), we aimed to investigate the effect of co-culturing granulosa cells (GCs) on human oocyte maturation in vitro, the fertilization rate, and embryo development. Methods: A total of 133 immature oocytes were retrieved and were randomly divided into two groups; oocytes that were cultured with GCs (group A) and oocytes that were cultured without GCs (group B). After in vitro maturation, only oocytes that displayed metaphase II (MII) underwent the ICSI procedure. The maturation and fertilization rates were analyzed, as well as the frequency of embryo development. Results: The mean age of the patients, their basal levels of follicle-stimulating hormone, and the number of oocytes recovered from the patients were all comparable between the two study groups. The number of oocytes that reached MII (mature oocytes) was 59 out of 70 (84.28%) in group A, compared to 41 out of 63 (65.07%) in group B (p= 0.011). No significant difference between fertilization rates was found between the two study groups (p= 0.702). The embryo development rate was higher in group A (33/59, 75%) than in group B (12/41, 42.85%; p= 0.006). The proportion of highest-quality embryos and the blastocyst formation rate were significantly lower in group B than in group A (p= 0.003 and p< 0.001, respectively).
Introduction
Human oocytes remain in the dictyate stage after birth until gonadotropin stimulates them to reinitiate meiosis at the time of ovulation. Until fertilization occurs, human oocytes enter metaphase II (MII). Immature human oocytes in pre-ovulatory non-atretic follicles can experience in vitro maturation (IVM) from germinal vesicle (GV) breakdown to the arrest of MII [1] . Pincus and Enzmann [2] first reported the IVM of mammalian immature oocytes. In vitro fertilization (IVF) and IVM of immature oocytes obtained from non-stimulated ovaries have been performed in farm animals, resulting in pregnancy and birth [3] . The use of immature human oocytes for the initiation of pregnancy was first documented in the studies of Cha et al. [4] and Trounson et al. [5] . Moreover, the IVM procedure has the advantages of having a lower cost and minimizing the risk of ovarian hyperstimulation syndrome, since it does not require the use of expensive gonadotropin [1] .
A series of mutual interactions between human oocytes and their surrounding somatic cells are required for the development of functional ovarian follicles in vivo. It was once thought that oocytes are exclusively passive recipients of developmental signals from the somatic cells that they communicate with. However, data from studies performed over the past decade have revealed that the communication between oocytes and their surrounding somatic cells is bidirectional [6] . Gap junctions and paracrine signaling have been described as the two modes of intercellular connection between an oocyte and its companion somatic granulosa cells (GCs) [7] . Cell-to-cell gap junction communication connects oocytes to GCs, and GCs to other GCs, allowing these cell types to function together metabolically. In contrast, signaling molecules that are too large for transmission through gap junctions bind to target cells, followed by secretions into the extracellular space. Although paracrine communication and gap junctions are potentially bidirectional, GC-to-oocyte connections are mediated by paracrine signals, whereas the majority of oocyte-to-GC communication takes place through gap junctions [8] .
The culture conditions used for the IVM of oocytes can significantly affect maturation rates and the likelihood of subsequent embryo development. A particularly crucial component for normal cytoplasmic oocyte maturation is the presence of GCs or cumulus cells surrounding the oocytes. Notably, oocyte metabolism, and in particular, how oocytes use energy sources, is regulated by GCs [9] . Moreover, it is known that GCs can protect the oocyte against oxidative stress, because they undergo apoptosis during IVM [10] . During the performance of micromanipulation techniques, such as intracytoplasmic sperm injection (ICSI), the human oocyte is denuded (stripped of its surrounding GCs) and immature oocytes are often discarded. With this in mind, in order to increase the number of appropriate mature oocytes usable for ICSI procedures, we planned to investigate the effect of co-cultures of GCs on the IVM of human oocytes, their fertilization rate, and embryo development.
Methods

Study population and oocyte recovery
This cross-sectional prospective study was carried out among women undergoing IVF treatment using their own oocytes in the Department of Infertility and Reproductive Medicine at the Shiraz University of Medical Sciences between May 2013 and August 2014. Eighty young women were considered for eligibility, and 52 consenting women 20 to 35 years of age were ultimately enrolled into the study consecutively ( Figure 1 ). From these women, 133 immature oocytes were retrieved and were randomly divided into oocytes cultured with GCs (group A) and oocytes cultured without GCs (group B). Immature oocytes were defined using a slightly modified version of the method described by Russell [11] . Basal follicle-stimulating hormone (FSH) levels <10 mIU/mL and patients undergoing their first IVF treatment were the inclusion criteria. None of the women in the study groups A flexible gonadotropin-releasing hormone (GnRH) antagonist protocol was implemented [12] . For all patients, the starting dose of recombinant FSH (Menogon, Baxter Oncology, Mumbai, India) was 150 IU/day on the second day of the cycle. The daily administration of 0.25 mg of cetrorelix (Baxter Oncology) was initiated when the presence of at least one follicle measuring >14 mm was noted. Treatment with the GnRH antagonist and recombinant FSH continued daily until the day when the final maturation of the oocytes was triggered. An injection of 10,000 IU of human chorionic gonadotropin (hCG) (Pregnyl, N.V.Organon, Oss, The Netherlands) was administered when half of the mature follicles were at least 17 mm in diameter, as measured in two planes. Transvaginal oocyte retrieval was scheduled for approximately 34 to 36 hours after hCG administration.
In vitro maturation, fertilization, and embryo development
Approximately 2 to 4 hours after retrieval, the majority of GCs were dissected from the granulosa-oocyte complexes. For denudation of the oocytes, 80 μL drops of a 1% solution of hyaluronidase (Sigma, Cleveland, OH, USA) were used. The immature oocytes were then retrieved and were randomly divided into oocytes cultured with GCs (group A) and oocytes cultured without GCs (group B). The method of co-culturing GCs with immature oocytes has been previously described [13] . In both groups, IVM culture media (Sigma) was used 24 hours prior to ICSI. An incubator at 37°C with saturated humidity and an atmosphere of 5% CO2 and 6% O2 was used to culture the immature oocytes. After IVM, only oocytes that displayed a first polar body were classified as being in MII and underwent the ICSI procedure. The spermatozoa samples were dispersed by centrifugation with human tubal fluid (HTF) medium (Sigma) supplemented with 10% fetal bovine serum.
Spermatozoa were injected based on the method described by Van Steirteghem et al. [14] . Subsequently, all injected oocytes were cultured in a drop of potassium simplex optimized medium (Sigma) and covered with oil. Each oocyte was examined for fertilization and structural integrity 18 hours after this process. Normal fertilization was confirmed by the observation of two polar bodies and two distinct pronuclei (PN) under an inverted microscope. The zygotes were then transferred into P-1 medium with 10% synthetic serum substitute (Sigma) and covered with mineral oil. Based on small modifications of the criteria described by Puissant et al. [15] , the embryo quality was assessed 72 hours after the ICSI procedure. The extent of fragmentation and the number of blastomeres were counted and recorded. Embryos were scored and classified based on the amount of detached anuclear fragments, the symmetry of the blastomeres, and the number of blastomeres. The amount of detached anuclear fragments was scored as follows: scores of 0, 1, 2, 3, and 4 were given to embryos in which detached anuclear fragments comprised >50%, 26% to 50%, 11% to 25%, 6% to 10%, and 0% to 5% of the volume, respectively. The symmetry of the blastomeres was scored as follows: a score of 1 was given to embryos with symmetric blastomeres, and a score of 0 was given to embryos with asymmetric blastomeres. In order to score the number of blastomeres, a score of 1 was given to embryos with two to four cells, a score of 2 was given to embryos with five cells, a score of 3 was given to embryos with six or seven cells, and a score of 4 was given to embryos with eight to ten cells. The final score for each embryo was obtained by adding the scores for the three parameters described above. For instance, the final score of asix-cell (scored 3) embryo with asymmetrical blastomeres (scored 0) and 7% fragmentation (scored 3) was 6. Scores <5 were considered to indicate non-viable embryos, and scores ≥6 were considered to indicate embryos appropriate for ICSI. Scores of 9 or 10 were interpreted as indicating highest-quality embryos [15] .
Statistical analysis
Based a power of 90% (p=0.05, two-sided) for finding a significant difference similar to the findings of the preliminary study [13] , 96 immature oocytes were found to be a suitable sample size for the current study. In order to compensate for any refusal on the part of the subjects, we decided to collect 133 immature oocytes on the retrieval day. The results were reported as percentages for categorical variables, and mean ±standard deviation or median for quantitative variables. The Student' s t-test was applied to compare parametric data sets. The chi-squared test was used to compare fertilization rates, IVM, and embryo development. Two-sided p-values <0.05 were considered to indicate statistical significance. All statistical analyses were performed using SPSS ver. 17.0 (SPSS Inc., Chicago, IL, USA).
Results
All participants completed the study. The average age of the subjects was 22.58±1.96 years. A combination of infertility risk factors was reported in 71% of the couples. Single risk factors for infertility were as follows: endometriosis (11%), male factor infertility (8.5%), tubal factor infertility (4.1%), ovulatory dysfunction (2.7%), and other risk factors (2.6%). The mean age, basal levels of FSH, and the number of oocytes recovered from each patient were all comparable between the two study groups. Altogether, 70 and 63 immature oocytes were included in group A and group B, respectively. In both study groups, all of the collected immature oocytes were at the GV stage. The number of oocytes that reached MII (mature oocytes) was 59 of 70 (84.28%) in group A, compared to 41 of 63 (65.07%) in group B (p=0.011). Clinical data regarding the participants and the rates of oocyte maturation in both study groups are shown in Table 1 .
No significant difference between fertilization rates was found between the two study groups (p= 0.702). Of the 59 mature oocytes in group A, 49 exhibited PN formation (91.83% of which were mature oocytes with two PN, while 8. 17% had 1 PN or 3 PN) . Of the 41 mature oocytes in group B, 33 exhibited PN (90.9% of which were mature oocytes with 2 PN, while 9.1% had 1 PN or 3 PN). No significant difference regarding normal fertilization rates (oocytes with 2 PN) was observed between the study groups (p= 0.879) ( Table 2) .
No significant difference in the embryo cleavage rate was found between the two study groups (p=0.417). The rate of viable embryos in group A was significantly higher than in group B (75% vs. 42.8%, p =0.006). The frequency of highest-quality embryos and cleavage stage ( >six cells) embryos in group A was lower than in group B. In group A, the number of embryos with <10% fragmentation was significantly higher than in group B (p=0.015). No significant difference between the numbers of oocytes with ≥50% fragmentation was found between the two study groups (p=0.102). Finally, the rate of blastocyst formation in group B was markedly lower than in group A (p<0.001) ( Table 2) .
Discussion
Based on the proposal that oocytes interact closely with surrounding GCs during maturation, we hypothesized that GCs may play a potential role in the maturation, fertilization, and embryo development rates of human immature oocytes in vitro. Our data demonstrated a considerable improvement in the maturation rate and the likelihood of embryo development, but not in the fertilization rate, in immature oocytes cultured with GCs compared to those cultured without GCs.
In order to obtain maximum developmental competence, oocytes must achieve both cytoplasmic and nuclear maturity [16] . Nuclear and cytoplasmic maturation are independent processes. Occasionally, cytoplasmic maturation may successfully be completed without nuclear maturation. GCs not only control cytoplasmic maturation, but also play an important role in nuclear maturation by responding to gonadotropins during folliculogenesis [11] . Communication between oocytes and their surrounding GCs through gap junctions is Values are mean ± SD, (range). vital for the development of competent oocytes [17] . Regulatory molecules, glucose metabolites, nucleotides, and amino acids are known to be transferred through the oocyte-GC gap junctions of growing oocytes [18, 19] . In the present study, GV-stage oocytes cultured with GCs showed improved nuclear maturation rates. These findings are in agreement with those of Goud et al. [20] , who reported that the nuclear maturation and cleavage rates in granulosa-intact oocytes were higher than in granulosa-denuded human GV-stage oocytes. Hwang et al. [21] also demonstrated that the maturation rate of oocytes with GCs was markedly higher than that of denuded oocytes, whereas Johnson et al. [13] reported that human M I-stage oocytes cultured with GCs did not show a significantly different rate of oocyte maturation. However, GV-stage oocytes cultured with GCs matured at a greater rate than those cultured without GCs [13] . IVM followed by fertilization opens the novel possibility of fully using the immature oocytes retrieved from controlled ovarian stimulation cycles. Several studies have been and are currently being conducted to characterize the optimal use of immature oocytes; however, the influence of GCs on the developmental potential of human immature oocytes has not been examined in detail. In this regard, different approaches to IVM have obtained results similar to our findings. In accordance with the results of our study, Shu et al. [22] showed that immature oocytes from stimulated cycles can be fertilized normally and used to increase the number of embryos available for transfer. In another study, Strassburger et al. [23] showed significantly higher fertilization rates among embryos from rescued IVM-MII oocytes and more blastomeres per embryo compared with those from arrested MI oocytes. With the goal of examining the influence of GCs on the developmental potential of human immature oocytes, the present study has shown that culturing immature human oocytes with GCs prior to ICSI improves the maturation rate and the likelihood of embryo development. The exact mechanisms responsible for the effect of GCs on early embryonic development remain undefined.
In accordance with previous studies [16, 22] , we demonstrated that immature human oocytes cultured with and without GCs had similar fertilization rates. However, in contrast to our data, some studies have shown lower rates of fertilization in GC-free immature oocytes in IVM [23] [24] [25] . These discrepancies are likely due to differences in the stimulation protocol, the laboratory protocols, the culture medium, the duration of in vitro culture, the timing of oocyte denudation, and the time interval in IVM between sperm administration and the first polar body extrusion.
According to the findings of our study, culturing immature human oocytes without GCs results in an increased fragmentation rate and delayed embryo development, which compromise developmental competence and the quality of the embryo. The presence of GCs for 24 hours of culture led to a marked improvement in the quality of available embryos after oocyte maturation was observed in vitro before ICSI. Moreover, we showed that the blastocyst formation rate from the immature oocytes cultured with GCs was higher than that from the oocytes cultured without GCs. So far, the exact mechanism behind the effect of GCs on early embryonic development is not entirely clear. After IVM, most oocytes achieved nuclear maturation, but were still cytoplasmically immature. In this regard, the asynchrony between nuclear and cytoplasmic maturation in oocytes could compromise the developmental potential of the embryo [26] . It has been previously suggested that co-culture with GCs, starting at different stages of IVF, has no effect on cleavage development and fertilization, but markedly improves the rates of embryo development to the blastocyst or morula stages [27] . Furthermore, it has been demonstrated that granulosa-intact primate oocytes are vital for successful IVM. It has been shown that GCs can produce epidermal growth factor-like substances, including epiregulin, betacellulin, and amphiregulin, which play a fundamental role during the IVM of primate oocytes [28] . Altogether, we think that it is probable that GCs improve the quality of embryos via their effects on the cytoplasmic maturation of in vitro matured oocytes.
Culture conditions and culture media components can modulate the meiotic regulation of oocytes [29] . Media for the IVM of human oocytes have been supplemented with hCG, pregnant mare serum gonadotropin, FSH, estradiol, and human menopausal gonadotropin [30] . However, these supplements may not influence GC-free oocytes to the desired extent, because the receptors of the above molecules are on the GCs [31] . For this reason, 10% synthetic serum substitute supplemented with HTF medium, without extra supplements, was used in this study to culture immature oocytes. HTF medium without supplemental hormones was similarly used for culturing immature human oocytes with GCs in a previous study [13] .
The poor cytoplasmic maturation of oocytes may be the reason for defects in embryonic development [32] . The cytoplasmic maturation of oocytes involves progressing through complicated stages that prepare the cytoplasm of the oocytes for fertilization and activation [33] . During these stages, proteins, imprinted genes, and RNA molecules accumulate in the cytoplasm of oocytes to modulate meiosis and oocyte development [34] . During the ICSI procedure, the abnormal dispersion of chromosomes in the oocyte and premature condensation of the sperm chromatin can occur due to cytoskeletal anomalies and cytoplasmic immaturity in oocytes, influencing the likelihood of embryo formation [35] . Most 3-PN zygotes result from oocytes that undergo premature irregular cytokinesis or retention of the second polar body [36] . It has been previously demonstrated that IVM medium supplementation with GSH-OEt (Sigma) improved the rates of maturation and normal fertilization in oocytes compared to non-supplemented medium [37] . With this in mind, we suggest that culture con-ditions may play a crucial role for the IVM of human oocytes, in addition to genetic factors in the immature oocytes.
According to the findings of the present study, the nuclear maturation rates were not significantly different between the oocytes co-cultured with GCs and those denuded of GCs. We suggest that this effect may be mediated by improved cytoplasmic maturation [38] . It has been shown that GCs are critical for complete cytoplasmic maturation in oocytes in rats, pigs, sheep, mice, and cattle [26, 39, 40] . After IVM, most oocytes are mature in the nucleus but immature in the ooplasm. This asynchrony of the maturation process may compromise the developmental potential of the oocyte [26] . It has been shown that a coculture of GCs starting at various IVF stages had no effect on cleavage development and fertilization, but significantly improved the rates of embryo development to the morula and blastocyst stages [41] . Moreover, in the rhesus monkey, successful IVM has only been achieved with granulosa-enclosed oocytes, indicating that the presence of intact GCs is crucial for IVM [28] .
A strength of this study was its homogenous population due to the application of strict inclusion and exclusion criteria. The presence of insignificant differences in fertilization rates between the two study groups may be attributed to the small number of retrieved immature oocytes, resulting in insufficient power, which is a limitation of this study. In the present study, only immature GV-stage oocytes were stripped for IVM. The exact reason for this is not entirely clear, but the flexible GnRH antagonist protocol that was used in this study involved this methodological approach. In the future, more research should focus on this issue.
In conclusion, the findings of this study suggest that culturing immature human oocytes with GCs prior to ICSI improves the maturation rates and the likelihood of embryo development. According to our findings, delayed or incomplete oocyte cytoplasmic maturation may play a crucial role in the low developmental potential of GC-free oocytes. It is suggested that future studies focus on the use of specialized media for the IVM of immature oocytes.
